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Abstract
Starting from a gauge formalism of ρ mesons, pions and baryons we
evaluate the ρ coupling to the nucleon, including the direct coupling
provided by the Lagrangians, plus contributions from loops with the
virtual pion cloud. We find a contribution to the magnetic ρ coupling
to the nucleon from pionic loops of the same size as the direct coupling,
which is, however, still small compared to the empirical values. This
finding goes in line with chiral formulations of the strong interaction
of mesons at low energies where, unlike the scalar mesons which are
mostly built of a pion (kaon) cloud, the ρ meson stands as a genuine
QCD state with intrinsic properties not tied to those of the pion cloud.
1 Introduction
The ρ coupling to the nucleon has been the subject of permanent attention
from different points of view. The ρ exchange plays an important role in the
nucleon-nucleon interaction at intermediate energies [1] and the strength of
the tensor interaction is particularly large, about twice the value given by
the vector meson dominance hypothesis (VMD). The determination of this
coupling was done in [2] using dispersion relations and has been reconfirmed
with posterior analysis along the same lines [3]. The strength of the tensor
coupling found in [2, 3] finds also support from the values of the mixing
parameter, ǫ, at energies of the nucleons around or bigger than 200 MeV [4].
Attempts to describe this deviation from VMD have been done from different
perspectives. In [5] an analysis using a topological chiral model concluded
that the strong tensor coupling could be described semiquantitatively in a
two phase model with half and half fractioning of charge and baryon number
between the core and the soliton cloud. A color dielectric model was used
in [6] concluding that the ratio κρ/κv was bigger than one. QCD sum rules
have also been used in [7], and more recently in [8] where the tensor coupling
is also found big and compatible with empirical determinations. Relativistic
quark models were used to obtain also the ρNN coupling in [9]. The chiral
quark models [10, 11] were also used to obtain the vector and tensor coupling
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in [12, 13], assuming that they come solely from the coupling of the ρ to the
pion cloud of the nucleon and determining the radius of the bag to reproduce
the empirical results. In one way or another all these works come to confirm
the important role of the pion cloud in these couplings.
However, stimulated by the interest in determining the renormalization
of the ρ properties in the nuclear medium, much work has been done recently
[14, 15, 16, 17, 18] which make a revision of the problem timely. There has
also been progress in another front concerning the ρ meson. Indeed, Chiral
Perturbation Theory, (χPT ), as an effective theory of the underlying QCD,
has emerged as a useful tool to deal with hadronic interactions at low and
intermediate energies. For the meson meson interaction the basic dynam-
ics is contained in the lowest and second order Lagrangians of Gasser and
Leutwyler [19, 20]. One important step forward in the understanding of the
content of these Lagrangians was done in [21] where it was found that the
parameters of the second order Lagrangian could be generated by the ex-
plicit exchange of resonances, particularly the vector mesons. Another step
forward was subsequently given in [22] where the lowest order chiral La-
grangian, together with the exchange of vector and scalar mesons suggested
in [21], were used to study the meson meson interaction, implementing uni-
tarity via the N/D method. The result of this work was that, while the
coupling of the vector mesons to the pseudoscalar mesons was essential to
reproduce the data, the coupling of the scalars was compatible with zero.
Yet, the scalar mesons were generated within the unitary approach sim-
ply from the multiple scattering of the mesons driven by the interaction
accounted for by the lowest order Lagrangian. These mesons are hence dy-
namically generated in this approach, contrary to the vector mesons which
qualify as genuine mesons. This classification can also be linked to argu-
ments of the large Nc limit in QCD. Indeed, loops are subleading in the Nc
counting, and consequently in the large Nc limit the scalar mesons would
disappear while the formerly called genuine mesons would survive, hence
giving extra meaning to the concept of genuine and dynamically generated
mesons [22, 23, 24, 25].
This distinction is hence more than semantics and has practical reper-
cussions. Indeed, since the lowest of the scalar mesons, the σ, is built up here
from the meson meson interaction, consistency with this picture demands
that the coupling of a σ to the nucleon is simply done by coupling the inter-
acting meson pair to the nucleon and this is what was done in [26]. However,
since the ρ meson qualifies as one of the genuine mesons, its coupling to the
nucleon does not have to come from just the pion cloud within this approach
and, indeed, the effective Lagrangians used in [14, 15, 16, 17, 18] contain a
direct coupling of the ρ to the nucleon.
With this picture in mind, and within the philosophy of these effective
Lagrangians, it is still proper to ask which is the contribution to the ρNN
coupling from the mesonic loops in the perturbative expansion.
There is also another new element in the present evaluation since the
findings of the lattest references [14, 15, 16, 17, 18] have also shown the
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importance of vertex corrections, linked to the underlying gauge structure
of the Lagrangians, which were overlooked in the previous determinations
of the meson cloud contributions to the ρ couplings. All these findings
introduce new elements in the evaluation of the vector and tensor couplings
of the ρ to the nucleon and the purpose of the present work is to give a new
look to the problem from this modern perspective.
2 Model for the ρNN coupling
We shall calculate the nucleon coupling to the ρ meson based on the chiral
Lagrangian for the pion and nucleon. The basic couplings of the pion and
nucleon to the ρ meson are introduced by imposing the gauge theory for
vector meson on the chiral Lagrangian. In the gauge theory for vector
meson, this particle is considered as a gauge boson of an implicit gauge
symmetry, which was originally suggested by Sakurai [27] with the vector
meson dominance hypothesis, where it mediates all hadronic interactions.
Later on, Bando et al. [28] developed this idea to the hidden local gauge
theory of the non-linear sigma model. As we shall see, at tree level, the gauge
condition of the vector meson on the chiral Lagrangian gives only the vector
coupling of the ρNN vertex, since the tensor coupling itself is free from the
gauge constraint. Therefore, in absence of direct tensor contributions, the
tensor coupling is generated through pion-loop contributions. The study of
such contributions is the aim of this paper.
Let us start by considering the elementary ρNN vertex. According to
the construction of the gauge theory, the direct coupling of a hadron h to the
ρ meson is constructed replacing the derivative by the associated covariant
derivative with the gauge symmetry :
∂µh(x)→ Dµh(x) = ∂µh(x) + igρ[h(x), V a]ρaµ (1)
where V a is the generator of the gauge symmetry of the SU(2) isospin space
and the hadronic charge gρ is given as a universal constant in all hadrons.
For the nucleon, since under the isospin rotation it is transformed as the
fundamental representation: [V a, ψN ] = −12τaψN , the covariant derivative
for the nucleon is written as
DµψN = (∂µ + i
gρ
2
~τ · ~ρµ)ψN (2)
where τa is the Pauli matrix for the isospin. Thus, the replacement on the
kinetic term of the nucleon, ψ¯N i∂/ψN → ψ¯N iD/ψN , gives the direct coupling
of the ρ meson to the nucleon:
LρNN = −gρ
2
ψ¯Nγ
µ~ρµ · ~τψN (3)
The Lagrangian (3) contributes the vertex shown in fig.1 as
−itdirectρNN = −i
gρ
2
τaγ · ε∗ , (4)
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Figure 1: The direct ρNN coupling.
where εµ is the polarization vector of ρ, and a is the isospin index of the ρ
meson. In general, the vertex function of the ρNN coupling is written in
terms of two Lorentz independent functions GV and GT :
−itρNN = i
(
GV (q2)γµ +
GT (q2)
2iMN
σµνqν
)
ε∗µτ
a , (5)
where q is the outgoing momentum of the ρ. From eq. (4) the vertex
functions GV and GT at tree level are obtained with the result
GVtree = −
gρ
2
, GTtree = 0 (6)
while empirically one has
GVemp. = 2.9± 0.3, GTemp. = 18± 2 (7)
In the Lagrangian language, the tensor part is written as
LtensorρNN = −
GT
2MN
ψ¯NF
µν
a σµν
τa
2
ψN (8)
with the field strength tensor of the rho meson F aµν = ∂µρ
a
ν − ∂νρaµ −
gρǫabcρ
b
µρ
c
ν . The Lagrangian of eq. (8) itself is invariant under the gauge
transformation. Therefore the value of the coefficient GT is free from the
constraint of the gauge theory. Here we would like to calculate GT from
pion-loop contributions as the pion cloud without introducing any direct
tensor couplings.
For later convenience we work with the Breit frame, that is q0 = 0,
pi = ~q/2 and pf = −~q/2, and also use the non-relativistic form. Then eq.
(5) is written as
−itρNN =
(
iGE(q)ε0 − G
M (q)
2MN
(~σ × ~q) · ~ε
)
τa , (9)
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with
GE(q) = GV (q) (10)
GM (q) = GT (q) +GV (q) . (11)
In order to include the contribution from the pion cloud, we calculate the
indirect coupling of the ρ meson to the nucleon shown in fig.2 a). Since this
diagram is one-loop, we also consider other one-loop diagrams shown in fig.2
for consistency of the loop expansion. As intermediate baryons in the loops,
which can be excited by the pion, we consider both nucleon and ∆. The loop
corrections do not contribute to GE at q = 0 due to the Ward-Takahashi
identity.
The ρππ coupling is introduced by the gause theory for vector meson
in the same way as the nucleon case. With the isospin rotation for pions
[V a, πb] = −iǫabcπc, we obtain the covariant derivative for the pion:
Dµπ
a = ∂µπ
a + gρǫabcπ
bρcµ (12)
and, then, from the replaced kinetic term 12Dµ~π · Dµ~π, we obtain the ρππ
vertex :
Lpipiρ = −gρ(~π × ∂µ~π) · ~ρµ (13)
With this Lagrangian we can calculate the decay width of the ρ meson de-
caying to two pions, which gives gρ = −6.14. The sign is given by comparing
to the standard ρ coupling to pions in the chiral tensor formalism [21], which
provides the equivalence gρ = −mρGV /f2, where GV is the parameter ap-
pearing in the chiral resonance Lagrangians of ref. [21] providing the ρππ
coupling.
For the πN couplings, we use the chiral Lagrangian:
LpiN = −gA
2f
N¯∂/γ5~π · ~τN − 1
4f2
ψ¯N (~π × ∂/~π) · ~τψN + · · · , (14)
where · · · denotes terms with multiple pions which do not enter the present
calculation. In eq. (14) gA is the axial charge of the nucleon, gA = 1.26. In
alternative formulations gA appears as D+F , with D and F the two SU(3)
coefficients for the semileptonic decay of hyperons, or through gA/2f ≡
fpiNN/mpi. The gauge theory for vector meson introduces the πρNN cou-
pling through the replacement of the derivative by the covariant derivative
(12):
LpiρN = gAgρ
2f
N¯(~ρµ×~π) ·~τγµγ5N + gρ
4f2
ψ¯Nγ
µ(~π ·~π~ρµ ·~τ −~π · ~ρµ~π ·~τ)ψN + · · ·
(15)
The first terms of eqs.(14) and (15) give the πNN and πρNN vertices. After
the non-relativistic reduction we have
−itpiNN = −gA
2f
~q · ~σ τa (16)
−itpiρNN = igAgρ
2f
~σ · ~ε ǫabcτ c (17)
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where a and b are the isospin indices for π and ρ, respectively, and ~q is the
outgoing pion momentum.
For the ∆ contribution, the introduction of πN∆ coupling is empirically
performed through the replacement of the spin-isospin matrix ~σ, ~τ on the
πNN vertex by the spin-isospin transition matrices ~S, ~T :
−itpiN∆ = −
(
fpiN∆
fpiNN
)
gA
2f
~q · ~S T a (18)
where (fpiN∆/fpiNN ) = 2.13. If we recall the introduction of the rho meson
coupling through the replacement of eq. (12), the πN∆ coupling relates to
the πρN∆ one. Therefore, in analogy with the introduction of the πρNN
coupling (17) from the πNN vertex (16), we have
−itpiρN∆ = i
(
fpiN∆
fpiNN
)
gAgρ
2f
~S · ~ε ǫabcT c (19)
For the ρ∆∆ coupling, we use the gauge theory for vector mesons again.
The covariant derivative for the delta baryon is given in the relativistic form
with the Rarita-Schwinger field for the spin 3/2 fermion as
Dµψ∆,ν = ∂µψ∆,ν + igρ ~T∆ · ~ρµψ∆,ν (20)
where T∆ is the isospin 3/2 matrix, which is normalized so that T
3
∆11 = 3/2.
The kinetic term for the ∆ with the covariant derivative, which is written as
ψ¯∆,µiD/ψ
µ
∆, gives the direct coupling of the ∆ to the ρmeson. Similarly to the
nucleon case, there exists a tensor coupling free from the gauge constraint.
After including the tensor coupling and the non-relativistic reduction, the
ρ∆∆ vertex is written as
−itρ∆∆ =
(
−igρε0 − G
M
∆
2MN
(~S∆ × ~q) · ~ε
)
T a∆ (21)
where S∆ is the same matrix as the isospin matrix T∆ but for spin space,
and GM∆ is a free parameter. Here we assume that the magnetic coupling of
the direct ρ∆∆ is scaled to that of the ρNN according to the quark model
[29], which is
GM∆ =
4
5
GMN (22)
The derivation is written in Appendix A. If the direct tensor term is not
included, the magnetic coupling comes from the vector term and we obtain
GM∆ =
4
3
MN
M∆
GMN .
For the ρN∆ coupling, the vector coupling is not allowed due to the spin
symmetry, thus, only the magnetic coupling is allowed and given as
−itρN∆ =
(
−G
M
N∆
2MN
(~S × ~q) · ~ε
)
T a (23)
with the quark model result
GMN∆ =
6
5
√
2GMN (24)
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3 One loop contributions
The evaluation of the tree level diagram with a contact ρNN interaction
from the Lagrangian of eq. (3) contributes to the GEρNN term, providing a
value GEρNN =
MρGV
2f2
Fρ( ~Q = ~0)=3.07, which is already a very good value
when compared to the experimental one, GEρNN = 2.9± 0.3 (Fρ( ~Q) is the ρ
form factor, defined in Appendix B). However, this is the only contribution
to GMρNN , which has an empirical value around 21. We want to see how
much of the magnetic strength can be generated through loop contributions.
In this section we perform the one loop calculation, which comes from the
diagrams shown in figure 2 plus other time orderings. In all of them we
assume the external nucleon lines to be protons.
a)
N
N
pi
pi
ρ
N
b)
∆
N
N
pi
pi
ρ
c) d) e) f) g)
i)h) k)j) l) m)
Figure 2: One loop diagrams evaluated.
The contribution of each of these diagrams to GEρNN and to G
M
ρNN is
given in Appendix B. We discuss here in more detail the calculations and
the results obtained. In what follows we present results calculated with the
form factors for π and ρ given in eq. (45) and we take gA = 1.26 and f = 93
MeV.
In diagram a) the pions are a π+π− pair since the π0π0 pair does not
couple to the ρ0, being the intermediate nucleon a neutron. The evaluation
of this diagram is straightforward and gives the values GEρNN (~q = ~0) = 1.64
and GMρNN (~q = ~0) = 4.42. The calculation of diagram b) is analogous, once
the spin and isospin factors arising from eq. (50) of Appendix B are taken
into account. It gives GEρNN (~q = ~0) = −1.11 and GMρNN (~q = ~0) = 1.44. As
we can see, the contributions of these two diagrams to GEρNN have opposite
sign, and therefore there is an important cancellation between them, while
the contributions to GMρNN have the same sign.
The other diagrams to be considered, except for diagram k), contain
vertices in which the ρ is coupled directly to a nucleon leg. In all these cases
we have multiplied the result provided by the expressions given in Appendix
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B by the corresponding Fρ( ~Q) form factor, defined in eq. (45). The results
given in Appendix B for diagram c) accounts for the diagram represented
in c) of figure 2 but also for the one with the ρ meson attached to the lower
vertex instead of the upper one. In these vertices the pions are charged.
Their contribution to GEρNN is of order O(1/M) and is not considered here.
The contribution to GMρNN is found to be G
M
ρNN (~q = ~0) = −1.90. In the case
of diagram d) there are two more diagrams contributing since we can have
pπ−∆++, ρpπ−∆++ vertices. We obtain from these diagrams GMρNN (~q =
~0) = −0.55, being the contribution to GEρNN of O(1/M) as in the previous
case.
In diagrams e), f) and g) we have the ρNN , ρN∆ and ρ∆∆ vertices. The
contributions to GE and GM of these diagrams are written in Appendix B,
where we have taken into account the quark model based relations between
GM , GM∆ and G
M
N∆ of Appendix A. Diagram e) accounts actually for two
diagrams, one with an intermediate p and another one with an intermediate
n. The evaluation of these diagrams is simple and gives GEρNN (~q = ~0) =
−0.41 and GMρNN (~q = ~0) = 0.14. In the case of diagrams f) and g) we have
to take into account that they correspond to more diagrams than in the case
of diagram e) since we can have an intermediate ∆++ in addition to ∆+ and
∆0. In the evaluation of diagram g) we need to apply the following relation:
SiS∆jS
†
k =
5
6
iǫijk − 1
6
δijσk +
2
3
δikσj − 1
6
δjkσi (25)
With this we get GEρNN (~q = ~0) = 2.77 and G
M
ρNN (~q = ~0) = 0.93 from these
diagrams. We find also that diagrams of type f) do not contribute to GEρNN ,
and they provide a contribution to GM of GMρNN (~q = ~0) = 1.40.
The next diagrams that we have considered, h) and i), correspond to
the wave function renormalization. Their evaluation is straightforward, and
their effect is taken into account by multiplying the tree level contribution
by (1 + ∂Σ/∂k0) (see Appendix B). Finally, diagrams j) and k) cancel at
~q = ~0 (see Appendix B), and therefore we do not consider them here. Di-
agrams c) and d), containing the vertex corrections, have been neglected
in the evaluation of GE because they are of order 1/M of the rest of the
diagrams and terms of this order (recoil corrections) have been omitted in
the πNN , πN∆ and π∆∆ vertices. However, we have evaluated numeri-
cally the contribution of these terms, and although individually they are not
too small we find a very good cancellation between the terms involving a
nucleon or a ∆ propagator, thus justifying altogether the neglecting of all
these terms.
We should also point out that we have not included diagrams m) where
the ρ couples directly to the nucleon and there is a selfenergy insertion in
the ρ corresponding to a two pion loop , or similarly diagrams l), where a
tadpole of a pion loop is attached to the ρ propagator. Such terms, as shown
in [18, 30] go into the renormalization of the ρ mass and width.
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tree a) b) c) d) e) f) g) h) i) total
GE 3.07 1.64 -1.11 – – -0.41 – 2.77 -1.23 -1.66 3.07
GM 3.07 4.42 1.44 -1.90 -0.55 0.14 1.40 0.93 -1.23 -1.66 6.05
Table 1: Different contributions to GE and GM at ~q = ~0.
In table 1 we summarize the results obtained here for GE and GM at
~q = ~0.
It is worth noting that the different loop contributions approximately
cancel with the wave function renormalization (see table 1) in GE(~q = ~0).
The cancellation appears from diagrams a), e), h) as a block, which are the
terms containing intermediate nucleon propagators, and from diagrams b),
g) and i) which contain the ∆ propagators. This cancellation can be found
analytically from the expressions in Appendix B at ~q = ~0 if we include only
one factor M/E in the set of baryon propagators to keep at the same order
of a non-relativistic expansion.
The interesting thing to see in table 1 is that the loops provide a sizeable
contribution to GM (~q = ~0) which has now a value of 6.05, about double
the one from the tree level. This number is still small compared to the
empirical value of GM ∼ 21, and the discrepancy should be attributed to
non-perturbative effects.
In order to estimate the uncertainties we have changed the value of the
form factor parameter for the pion and the value of D + F . If we use for
instance D+F = 2ffpiNN/µ instead of D+F = gA we obtain G
M (~q = ~0) =
6.39. If we change Λpi from 0.9 GeV to 1.2 GeV we obtain G
M (~q = ~0) = 6.41.
The results obtained by changing the parameters reasonably indicate that
the uncertainties in the theoretical calculation are around as less than 10%.
Finally, in figure 3 we plot the results for the ~q dependence (form factor)
of GE(~q) and GM (~q). They are compared with the empirical form factor, as-
suming the same normalization at ~q = ~0. For the ~q dependence of our results
we sum the tree level contribution multiplied by the empirical form factor
and the loop contributions evaluated here. We can see that our calculation
falls down faster than a monopole form factor at low energies, perticularly
the tensor part.
4 Considerations on gauge invariance
Although the procedure followed with the Feynman diagrams used would
fulfill gauge invariance, our introduction of the explicit form factors of Ap-
pendix B would break it. This is a well known fact and in the literature
there have been many attempts to restore gauge invariance in the presence
of form factors [16, 31, 32].
Since our main concern is to show the contribution of loops to the mag-
netic coupling (at ~q = ~0) or to GE and GM at moderate values of ~q, rather
9
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Figure 3: Comparison between the theoretical form factors (solid line) and
the empirical form factors as the one given in Appendix B (dashed line).
than embarking in some of the procedures to restore gauge invariance as
quoted above, we shall make a study here of why and how gauge invariance
is broken and this will give us an idea for which values of ~q our procedure
still satisfies gauge invariance and hence makes the results credible. Let us
take the contribution from all loop diagrams from a) to g) in fig. 2 with an
incoming nucleon momentum p and an outgoing nucleon momentum p+ q,
and call their contribution to -itµ:
−i∆tµ ≡ i∆GV (q)γµ + G
T (q)
2iMN
σµνqν (26)
A general test of gauge invariance can be given by the Ward identities
which establish in the ρNN case [16]
−i∆tµ(q)qµ = igρ
2
(Σ(p+ q)− Σ(p)) (27)
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where Σ(p) is the nucleon self-energy. Eq.(27) implies
i∆GV (q)γµqµ = i
gρ
2
(Σ(p+ q)− Σ(p)) (28)
which should be valid for any value of p and q even if the nucleons and the
ρ are off shell. By chosing p0 = MN , ~p = ~0 and arbitrary q
0, ~q, which is a
sufficiently general situation, we have:
i∆GV (q)γµqµ = i
gρ
2
(
Σ(q0 +MN , ~q)− Σ(MN ,~0)
)
(29)
where in the non relativistic expansion which we are using Σ(p) is just
a number. We now evaluate the matrix element of the first member of
eq. (28) between the spinors u¯(~p + ~q) and u(~p) in the same non-relativistic
approximation. Then we obtain
i∆GV
(
q0 − ~q
2
2MN
)
= i
gρ
2
(
Σ(q0 +MN , ~q)− Σ(MN ,~0)
)
(30)
Let us now take q0, q small enough such that a Taylor expansion of Σ
can be done and we obtain
i∆GV
(
q0 − ~q
2
2MN
)
= i
gρ
2
(
q0
∂Σ
∂q0
∣∣∣∣
q0=q=0
+ ~q 2
∂Σ
∂~q 2
∣∣∣∣
q0=q=0
)
(31)
which by means of the easily derivable relation
∂Σ
∂~q 2
∣∣∣∣
q0=q=0
= − 1
2MN
∂Σ
∂q0
∣∣∣∣
q0=q=0
(32)
leads to
i∆GV
(
q0 − ~q
2
2MN
)
= i
gρ
2
∂Σ
∂q0
∣∣∣∣
q0=q=0
(
q0 − ~q
2
2MN
)
(33)
This requires (omitting higher orders q0, ~q) that
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∆GV (q)
∣∣∣
q0=q=0
− gρ
2
∂Σ
∂q0
∣∣∣∣
q0=q=0
=
(
∆GE +GEtree
∂Σ
∂q0
)∣∣∣∣
q0=q=0
= 0 (34)
As we have noted in the former section, ∆GE+GEtree
∂Σ
∂q0
gives the contri-
bution to GE(q) from the loop vertex functions of diagrams a) to g) of fig. 2,
plus the contribution from the wave function renormalization (diagrams h),
i) of fig. 2) which is given by the second term, GEtree
∂Σ
∂q0
. Eq. (34) tells us
that the contribution of all those terms to GE(0) is null, something that
we had already found numerically even with the presence of form factors.
It is not surprising that this should be the case because it should occur in
the absence of form factors from a cancellation of the contribution of the
different diagrams. Then at q0 = q = 0 all these diagrams are multiplied by
the same form factors and hence the cancellation also holds. Since eq. (34)
is satisfied also in the case of form factors, then eq. (33), which is the state-
ment of the Ward identities at moderate values of q0 and q, also holds in
the presence of form factors. However, the limits go beyond those where the
Taylor expansion may hold. Indeed, as we stated above, the Ward identities
in the absence of form factors would be fulfilled and if all the diagrams were
multiplied in our case by the same form factors then the equality would still
hold. However, this is the case only at q0 = q = 0, because for finite q
we have in the loops F 2pi (~p) in some diagrams and Fpi(~p)Fpi(~p + ~q) in other
diagrams, which are not the same. Also we have the ρNN form factor which
does not appear in diagrams a) and b). Since the form factor is only opera-
tive for values of |~p| of the order of the cut off Λ or higher, demanding that
the angle averaged value of Fpi(~p)Fpi(~p+~q) be similar to F
2
pi (~p), for instance,
implies that q should be small compared to the cut off scale Λ.
The former argument sets the scale of values of q where gauge invariance
would be violated. On the other hand the results of [32] using the gauge
restoring Berends formalism or the plain application of form factors showed
that the differences were not large even at values of |~q| ∼ 800 MeV. All these
things considered, one can reasonably say that up to values of q ∼ 500 MeV
the results evaluated here would be reliable.
5 Conclusions
We have evaluated the contributions to GE(~q) and GM (~q) for the coupling
of the ρ meson to the nucleon including direct couplings stemming from
a gauge formulation of the theory and in addition we have included the
contributions of the virtual meson cloud at one loop level. We regularize
the loops by means of a form factor, introducing an effective cut off of the
order of 1 GeV which is considered the natural scale. In addition to this cut
off the space of the intermediate states is reduced to the nucleon and the ∆.
This means a regularization from two sources and the justification should be
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seen in the phenomenological success of such an approach in a large number
of hadronic properties in the evaluation of chiral bag models [33].
What we find, as expected, is that GE(~q = ~0) does not change with
respect to the tree level, because it is restricted by gauge conditions, but
GM (~q = ~0), which has no such restrictions, is appreciably enhanced. How-
ever, this enhancement is still clearly insufficient to provide values close to
the empirical one. This result seems to indicate that the magnetic coupling
of the ρ to the nucleon is of direct nature and cannot be attributed to loop
corrections. The ρ, as a genuine QCD state [21], by contrast to the low
energy scalar mesons [34], has also as a genuine property a strong magnetic
coupling to the nucleon, the origin of which goes beyond the meson loop
calculation which we have done. This is in contrast to the coupling of the σ
meson to the nucleon which, in correspondence to the nature of the σ as a
pion-pion rescattering resonance, could be obtained by coupling the meson
cloud to the nucleons [26, 35].
On the other hand we observe that the loop contribution to the electric
and magnetic form factors has a stronger ~q dependence than the one pro-
vided by the assumed empirical monopole form factor. This is due to the
large extend of the pion cloud, which, due to the small mass of the pion, has
a larger range than the genuine constituents (quarks) of the ρ meson. This
faster fall of the form factors, or, alternativelly the larger range of the cou-
pling, should also have some repercussion in the part of the NN interaction
mediated by ρ exchange.
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A GM∆ and G
M
N∆ from the quark model
Here we explain the calculations of the ρ∆∆ and ρN∆ couplings from the
SU(6) quark model. Now let us define the operator of the ρ0 coupling to
the i-th quark for GM :
gˆ
(i)
M = −GM(q)
(~q × ~ε) · ~σ(i)
2mq
τ3(i) (35)
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with the light quark mass mq and an outgoing ρ
0 momentum ~q. The GM
for proton with up spin is calculated from the quark model as
〈p ↑ |
3∑
i=1
gˆ
(i)
M |p ↑〉 = −
5
3
GM(q)
(~q × ~ε)3
2mq
(36)
Here we use 〈p ↑ |σ3τ3|p ↑〉 = 53 and the SU(6) flavor-spin symmetry for the
nucleon wave function:
|N〉 = 1√
2
(φMSχMS + φMAχMA) (37)
with, for the proton with the spin up,
φ
(p)
MS =
1√
6
[(ud+ du)u− 2uud] φ(p)MA =
1√
2
(ud− du)u (38)
χ
(↑)
MS =
1√
6
[(↑↓ + ↓↑) ↑ −2 ↑↑↓] χ(↑)MA =
1√
2
(↑↓ − ↓↑) ↑ (39)
Comparing with the definition of the magnetic coupling for nucleon (9), we
obtain the relation of the GMN to the G
M
(q):
GM(q)
2mq
=
3
5
GMN
2MN
(40)
In the same way, the ρN∆ and ρ∆∆ couplings are calculated with the
quark model. Using 〈p ↑ |σ3τ3|∆+ 12〉 = 83√2 and 〈∆+
1
2 |σ3τ3|∆+ 12〉 = 13 , we
obtain
〈p ↑ |
3∑
i=1
gˆ
(i)
M |∆+ 12〉 = −
8
3
√
2
GM(q)
(~q × ~ε)3
2mq
(41)
〈∆+ 12 |
3∑
i=1
gˆ
(i)
M |∆+ 12〉 = −
1
3
GM(q)
(~q × ~ε)3
2mq
(42)
Here the SU(6) wave function for the ∆+ with spin 1/2 is given by
|∆+ 12〉 =
1√
3
(uud+ udu+ duu)
1√
3
(↑↑↓ + ↑↓↑ + ↓↑↑) (43)
Taking care of the normalization of the definitions of the couplings (21) and
(23), where 〈p ↑ | − S3T 3|∆+ 12〉 = −
√
2
3
√
2
3 and 〈∆+ 12 | − S3∆T 3∆|∆+ 12 〉 =
−12 12 , finally we obtain the relations to the ρNN coupling:
GMN∆ =
6
5
√
2GMN G
M
∆ =
4
5
GMN (44)
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B One loop calculations
In this Appendix we give the explicit expressions of the contributions of the
loop diagrams to GVNNρ and G
M
NNρ. In the following equations and diagrams
ǫµ denotes the ρ polarization vector, and:
q ≡ (E(~q), ~q) Q ≡ (0, ~q)
ω(k) ≡
√
~k2 +m2pi D(k) ≡
1
k2 −m2pi
Fpi(~k) ≡ Λ
2
Λ2 + ~k2
Fρ(~k) ≡
Λ2ρ
Λ2ρ +
~k2
Λ = 0.9 GeV Λρ = 2.5 GeV
E(~k) ≡
~k 2
2MN
+MN E∆(~k) ≡
~k 2
2M∆
+M∆ (45)
We warn the reader that, in order not to complicate excessively the
expressions, we have deliberately omitted the form factors and the M/E
relativistic corrections to the baryonic propagators in the following equa-
tions, although it should be kept in mind that one must include them to
perform the numerical calculations.
q/2−Q/2+p
q/2−Q
Q/2+p
q/2
−p+Q/2
Q
a)
−iV (~q) = −4ǫµ
(
gA
2f
)2
gρ
∫
d4p
(2π)4
~σ(~p − ~q/2)~σ(~p+ ~q/2)
E(~q/2) + p0 − E(~p) + iǫ×
×D(p− q/2)D(p + q/2)pµ (46)
G
E a)
ρNN (~q) = −2
(
gA
2f
)2
gρ
∫
d3p
(2π)3
(
~p 2 − ~q
2
4
)
f1(~p, ~q) (47)
G
M a)
ρNN
2MN
= −2
(
gA
2f
)2
gρ
∫
d3p
(2π)3
(
~p 2 − (~p~q)
2
~q 2
)
f2(~p, ~q) (48)
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where the f1 and f2 functions are defined as:
f1(~p, ~q) =
1
ω(~p+ ~q/2) + ω(~p− ~q/2)
1
E(~q/2)− ω(~p+ ~q/2) − E(~p) × (49)
× 1
E(~q/2) − ω(~p− ~q/2) − E(~p)
f2(~p, ~q) =
1
ω(~p+ ~q/2) + ω(~p− ~q/2)
1
E(~q/2)− ω(~p+ ~q/2) − E(~p) ×
× ω(~p+ ~q/2) + ω(~p− ~q/2) + E(~p)− E(~q/2)
E(~q/2)− ω(~p− ~q/2) −E(~p)
1
2ω(~p + ~q/2)ω(~p − ~q/2)
−p+Q/2
Q
q/2−Q
q/2
q/2−Q/2+p
Q/2+p
b)
In the calculation of diagrams with intermediate ∆’s one has different
spin and isospin factors since the spin and isospin transition operators ap-
pearing in the corresponding Lagrangians satisfy the following relations:
SiS
†
j =
2
3
δij − i
3
ǫijkσk
TiT
†
j =
2
3
δij − i
3
ǫijkτk (50)
Taking this into account one finds
G
E b)
ρNN (~q) =
4
9
(
f∗piN∆
fpiNN
)2 (gA
2f
)2
gρ
∫
d3p
(2π)3
(
~p 2 − ~q
2
4
)
f∆1 (~p, ~q) (51)
G
M b)
ρNN
2MN
= −2
9
(
f∗piN∆
fpiNN
)2 (gA
2f
)2
gρ
∫
d3p
(2π)3
(
~p 2 − (~p~q)
2
~q 2
)
f∆2 (~p, ~q) (52)
where f∆1 and f
∆
2 are defined as f1 and f2 (see eqs. (49)), but replacing
there E(~p) by E∆(~p), and f
∗
piN∆/fpiN = 2.12.
−p+q/2−Q/2
Q
q/2
q/2−Q
p+Q/2
c)
G
E c)
ρNN (~q) = O(1/MN ) (53)
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G
M c)
ρNN
2MN
= −2
(
gA
2f
)2
gρ
∫
d3p
(2π)3
(
1 +
2~p~q
~q2
)
1
2ω(~p + ~q/2)
×
× 1
E(~q/2)− ω(~p+ ~q/2) − E(~p) (54)
q/2
p+Q/2−p+q/2−Q/2
q/2−Q
Q
d)
G
E d)
ρNN (~q) = O(1/MN ) (55)
G
M d)
ρNN
2MN
= −2
9
(
f∗piN∆
fpiNN
)2 (gA
2f
)2
gρ
∫
d3p
(2π)3
(
1 +
2~p~q
~q2
)
×
× 1
2ω(~p+ ~q/2)
1
E(~q/2)− ω(~p+ ~q/2)− E∆(~p) (56)
Q
p−Q/2
p+Q/2
q/2−Q
q/2
p−q/2+Q/2
e)
G
E e)
ρNN (~q) =
1
2
(
gA
2f
)2
gρ
∫
d3p
(2π)3
1
2ω(~p)
×
× ~p
2
E(~q/2) − ω(~p)− E(~q/2− ~p)
1
E(~q/2) − ω(~p)− E(−~q/2− ~p) (57)
G
M e)
ρNN (~q) = −
gρ
2
(
gA
2f
)2 ∫ d3p
(2π)3
(~p~q)2
2~q 2ω(~p)
1
E(~q/2)− ω(~p)−E(~q/2− ~p) ×
× 1
E(~q/2) − ω(~p)− E(−~q/2− ~p) (58)
p−q/2+Q/2
q/2−Q
q/2
Q
p+Q/2
p−Q/2
f)
G
E f)
ρNN (~q) = −
10
9
(
gA
2f
)2
gρ
(
f∗piN∆
fpiNN
)2 ∫ d3p
(2π)3
1
2ω(~p)
× (59)
× ~p
2
E(~q/2) − ω(~p)− E∆(~q/2− ~p)
1
E(~q/2) − ω(~p)− E∆(−~q/2− ~p)
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G
M f)
ρNN (~q) = −
1
3
gρ
(
gA
2f
)2 (f∗piN∆
fpiNN
)2 ∫ d3p
(2π)3
(
~p 2 +
(~p~q)2
3~q 2
)
1
2ω(~p)
×
× 1
E(~q/2)− ω(~p)− E∆(~q/2− ~p)
1
E(~q/2)− ω(~p)− E∆(−~q/2− ~p)
(60)
p−q/2+Q/2
q/2
Q
p−Q/2
p+Q/2
q/2−Qg)
G
E g)
ρNN (~q) = 0 (61)
G
M g)
ρNN (~q) = −
8
√
2
5
gρ
2
(
gA
2f
)2 (f∗piN∆
fpiNN
)∫
d3p
(2π)3
(
~p 2
2
− (~p~q)
2
6~q 2
)
1
2ω(~p)
×
×
{
1
E(~q/2)− ω(~p)− E(~q/2− ~p)
1
E(~q/2)− ω(~p)− E∆(−~q/2− ~p)+
+
1
E(~q/2) − ω(~p)− E∆(−~q/2− ~p)
1
E(~q/2)− ω(~p)− E(~q/2− ~p)
}
(62)
h) k
k
k−pp
∂ΣNN
∂k0
∣∣∣∣∣
k0=MN
= −3
(
gA
2f
)2 ∫ d3p
(2π)3
~p 2
2ω(~p)[MN − ω(~p)− E(~k − ~p)]2
(63)
k
k
k−pp
i)
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∂Σ∆N
∂k0
∣∣∣∣∣
k0=MN
= −4
3
(
gA
2f
)2 (f∗piN∆
fpiNN
)2 ∫ d3p
(2π)3
~p 2
2ω(~p)[MN − ω(~p)−E∆(~k − ~p)]2
(64)
p Q
q/2
q/2−Qj)
q/2
q/2−Q
p
p−Q
Q
k)
and
We do not take into account these two diagrams since they cancel at
~q = ~0. At this value of ~q diagram j) is proportional to:
∫
d4p
(2π)4
2γµgµνǫ
νD(p) (65)
and diagram k) is proportional to:
−
∫
d4p
(2π)4
γµ4pµǫ
νpνD(p)D(p) (66)
Taking into account the integral identity:
∫
d4p
4pµpν
(p2 + s+ iǫ)2
=
∫
d4p
2gµν
k2 + s+ iǫ
(67)
it is straightforward to see that these diagrams cancel at ~q = ~0.
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